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CP violation for baryon asymmetry

 Observed baryon asymmetry

 SM:            and                             insufficient

Sakharov conditions for Baryogenesis 
I. B number violation
II.CP violation
III.Out of thermal equilibrium

Gavela, Hernandez, Orloff, Pene ‘93
Huet, Sather ‘94

Need CP violation beyond the SM
[PLANCK/ESA 2013]
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CP violation in the Higgs sector

 Discovered Higgs compatible with JPC=0++

 Small CP-odd component possible

So far mostly searches for CPV in hVV



EDM & LHC limits CPV Yukawas
Brod, Haisch, Zupan ‘13top



04/15/2020 EWBG, EDM, Higgs with complex Yukawas 5

EDM & LHC limits CPV Yukawas
Brod, Haisch, Zupan ‘13bottom
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EDM & LHC limits CPV Yukawas
Brod, Haisch, Zupan ‘13tau
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Our Goals

 Calculate baryon asymmetry YB from several complex Yukawas in EFT
 Confront CP violation required by BG with Higgs and EDM constraints
 Consider combination of phases
 Focus on CPV, assume ew phase transition can be enhanced separately

EF, Losada, Nir, Viernik ‘19, ‘20 + ongoing

Find/exclude viable region in agreement 
with these 3 complementary observables
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Outline
Framework Complementary probes

Single-Yukawa modification Combination of 2 complex Yukawas

 Dim-6 EFT 
 Yukawa term

 EWBG
 EDM
 Higgs production and decay

 3rd generation

 muon

 tau+b
 t+tau
 t+b
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I. FRAMEWORK
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SMEFT: dim-6 Yukawa
Consider dim-6 Yukawa with real and imaginary part

Relative size of dim-6 normalized to dim-4
cf [de Vries, Postma, van de Vies ‘18] where                  ,  

Our coordinates
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Impact on fermion mass & Yukawa

rotate into basis where mass is real
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TR, TI, y 
Relation between SM mass and Yukawa fixes y (a priori free coefficient of dim-4 term)

Modification of each vertex w.r.t. SM    

→ 2 free parameter per fermion: TR , TI
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II. HIGGS, EDM, EWBG OBSERVABLES
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Higgs signal strengths

decay

circle in                   -plane 

production

Total width
b most relevant
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Electroweak baryogenesis

Approximations
- vev-insertion
- thin wall
- diffusion

PLANCK:

Lots of literature, e.g.
Joyce, Prokopec, Turok ‘95; Morissey, Ramsey-Musolf ‘12; White ‘16; de Vries, Postma, van 
de Vis, White ‘16; de Vries, Postma, van de Vis ‘18; ... 
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Rates and transport equations
Transport equations for each fermion and Higgs, set coupled differential equations

relaxation Yukawa Strong             weak
          sphaleron

source

Solve for left-handed particle density or directly baryon density

*



04/15/2020 EWBG, EDM, Higgs with complex Yukawas 17

Transport equations
Diffusion approximation
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Electron’s Electric Dipole Moment
ACME [Nature ‘18]:

Using [Panico, Pomarol, Riembau ‘18], 
see also [Brod, Haisch, Zupan ‘13], [Brod, Stamou ‘18],...
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III. RESULTS: Single-Yukawa modification
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τ Yukawa – the winner
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τ Yukawa – the winner

Allowed by all 
3 constraints!
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b Yukawa – the broad
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t Yukawa – the constrained
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μ Yukawa – the surprise
Maximal EDM, BG:

contours of

EWBG from μ Yukawa:
Allowed by EDM
Excluded by LHC

Upper bound 
on h→ μμ:

μμ<1.7 (ATLAS)

h→ μμ



04/15/2020 EWBG, EDM, Higgs with complex Yukawas 25

IV. RESULTS: Two-Yukawa combinations
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Higgs production and decay
Total width

Interplay of 2 complex Yukawas in production and/or decay



04/15/2020 EWBG, EDM, Higgs with complex Yukawas 27

EDM and BG coefficients

Different relative contribution of the 4 species to BG or EDM

Cancellations in EDM + enhancement of baryogenesis?
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τ and b
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τ and b

Allowed by all 
3 constraints!



04/15/2020 EWBG, EDM, Higgs with complex Yukawas 30

t and τ

Ti
t severly constrained by EDM
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t and τ

Allowed by all 
3 constraints!
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t and b: not sufficient
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 τ: 2.4 TeV, 3.1 TeV
 b: 1.5 TeV, 1.7 TeV
 τ: 247 GeV, 318 GeV (only v at TR=-0.5, but larger at T~0); 

▸ 8.7 TeV from EDM
 μ:  10 TeV, 12 TeV

Cut-off scales
Minimal scales for maximally allowed T (collider, EDM)

Maximal scales for minimally required TI (EWBG)
 τ: 
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Observations: 1 flavor
tau: Can account for observed B asymmetry! bottom

top

 Robust: reaches 2.4 times observed YB

▸ no strong sphaleron washout
▸ large diffusion
▸ still sizeable Yukawa

▸

 Large BR(h→ bb) broadens LHC region
 Reaches only 4% of observed YB 

 Severely constrained by EDM

 Reaches only 2% of observed YB 

 Could explain YB within EDM limit
 But ruled out by LHC h→ μμ
 Reaches 16% of observed YB

muon

advantages
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Observations: 2 flavors
τ+b

What if eEDM=0 and Higgs rates SM-like?t+b

 maximal   maximal

 Cannot account for BG together

 Reach only 12% of observed YB

 τ+b with nonzero TR, TI:

▸

▸ EWBG possible with 0 CPV signals!

τ+t
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Conclusions and future thoughts
 Complementarity of EDM, BG and Higgs physics
 LHC can constrain cosmology
 Importance of taking also real parts of dim-6 terms
 Cancellations and enhancements with 2 fermions 
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Conclusions and future thoughts
 Complementarity of EDM, BG and Higgs physics
 LHC can constrain cosmology
 Importance of taking also real parts of dim-6 terms
 Cancellations and enhancements with 2 fermions 
 EW phase transition
 Concrete models
  Future collider and EDM sensitivities

▸ CPV observables, e.g.in h→ ττ

THANK YOU!

ATLAS PUB-2019-008
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APPENDIX
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2-step: baryon density from L density
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Chemical potentials
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Matrix formalism: o.d.e. 1st order
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Particle dynamics
 CPV interactions across the expanding bubble wall generate a chiral asymmetry 
 CPC interactions wash out the generated asymmetry
 Strong sphaleron process produces further washout in the quark sector
 Some of the remaining asymmetry diffuses into the symmetric phase; more 

efficient for leptons than quarks.
 Weak sphaleron process is efficient only in the symmetric phase, acting on left-

handed multiplets and changing baryon number.
 Finally, the bubble wall catches up and freezes in the resulting baryon number 

density in the broken phase.
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Thin-wall approximation
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Uncertainty of YB from input rates
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LHC results
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LHC results - top



04/15/2020 EWBG, EDM, Higgs with complex Yukawas 47

CPV ATLAS h→ ττ: Prospects for HL 

ATLAS PHYS-PUB-2019-008


